Abstract. The Third International Symposium on Fish Otolith Research and Application was held in Townsville, Queensland, Australia from 11 to 16 July 2004. The overall theme was 'Innovation and Implementation', a collection of which is published here (Volume 56, Issue 5). Although age and growth studies predominated at the Symposium, new areas of quality-control assurance, annual-increment formation in deep-sea and tropical fish, image analysis and two-dimensional feature extraction were demonstrated. New statistical approaches were also evident, particularly in the subsampling of commercial data for estimating age compositions. The chemical composition of otoliths as natural data loggers has greatly advanced since the 1998 Symposium, with the advent of micromilling machines, new instrumentation and the use of isotopes rather than elements as environmental indicators. Otoliths will continue to support modern environmental needs for fisheries, marine park assessment, metapopulation conservation and the management of stocks and biodiversity of fish.
Introduction
Over the past decade there have been significant developments in fisheries science, based largely on the technological advances in extracting information from the otoliths of fish (e.g. Grant 1992; Secor et al. 1995; Fossum et al. 2000; Panfili et al. 2002; Campana 2005) . Otoliths or 'ear bones' are small calcified structures found in the heads of fish, which assist in detecting sound and are used for balance and orientation (Campana and Neilson 1985; Popper et al. 2003) . More importantly for scientists and resource managers, otoliths are natural data loggers that record information in their microstructure and chemistry at different temporal scales related to their growth and environment (Kalish 1989; Campana 1999) . This information, which includes age and growth, movement patterns and habitat interactions, can be interpreted at the population level in terms of the ecology, demography and life history of the species, which has become fundamental to the management of fisheries and protected species around the world. There is almost certainly no other biological structure that is more important to fishery scientists than otoliths because of the information they contain. The challenge for scientists, however, is to continue to develop the appropriate technologies to extract information from otoliths and interpret it accurately in terms of the biology of the fish and the environments they have experienced. The motivation to establish recent developments and advances in otolith research initiated the Third International Symposium on Fish Otolith Research and Application. The Symposium was held on 11-16 July 2004 in Townsville, Queensland, Australia, the first time the Symposium has been held in the southern hemisphere. The Symposium was co-hosted by the CRC Reef Research Centre and James Cook University. Selected research from the Symposium is presented in this Special Issue and represented our state of knowledge at that time. Over 120 referees reviewed the many manuscripts that were submitted, and the editorship was coordinated by the authors under the auspices of the Managing Editor of A total of 262 presentations were given that addressed the following eight themes: structure and function; age and growth estimation and validation in fish, sharks and invertebrates; age determination in deep sea and tropical environments; chemical composition and applications to climate, ecology and population biology; statistics and modelling of age-based data; stock assessment and fisheries management; quality control in ageing facilities and data processing; and technological developments.
from around the world to establish the current level of understanding, state-of-the-art approaches and future directions for this increasingly important field of research and its application to fisheries assessment and management. The Symposium was the third in a series of international symposia held over the past decade to accommodate the extraordinary rate of development in otolith research. This development most likely relates to the two previous groundbreaking symposia that were held throughout this period in South Carolina, USA in 1993 (Secor et al. 1995) and in Bergen, Norway in 1998 (Fossum et al. 2000) . The rate of development in otolith research, and perhaps more so its application, has continued unabated since the Second Symposium in Norway, although there has been a change in emphasis from classic age and growth studies to more applied ecological studies (Campana 2005) . 'Innovation and Implementation' was the overall theme of the Third Symposium, reflecting the recent advancements and use of otolith-based research and encouraging the need to continue looking forwards.
The field of otolith research and its application to fisheries science has developed remarkably over the past decade as the potential for otoliths as natural data recorders has been realised and the technology for their interpretation developed. Scientific papers relating to otolith research are now being published at five times the rate that they were in the 1970s, with the annual rate approaching 200 papers per year (Campana 2005) . Otolith-based research provides information on the population biology and life history of fish that is otherwise extremely difficult, if not impossible, to collect. Such information can be used to help develop management strategies to ensure the ecologically sustainable use of fisheries and the aquatic environments from which they are extracted. The most common and important applications of otolith-derived data are to provide information for stock assessments to determine the sustainability of fish stocks, but they are also being used to address a broad range of problems from fisheries management to environmental change.
The Third International Symposium on Fish Otolith Research and Application provided a forum to establish the current level of understanding in extracting otolith-derived ecological information for natural resource assessment and management. A total of 262 oral and poster presentations were delivered at the Symposium, relating to eight specific themes: (1) structure and function; (2) age and growth estimation and validation in fish, sharks and invertebrates; (3) age determination in deep-sea and tropical environments; (4) chemical composition and applications to climate, ecology and population biology; (5) statistics and modelling of age-based data; (6) stock assessment and fisheries management; (7) quality control in ageing facilities and data processing; and (8) technological developments ( Fig. 1) .
Each of these eight themes is represented in the papers presented in this Special Issue.
Structure and function
This theme focussed on otolith structural development and compositional characteristics, connections between and factors affecting biomineralisation processes and ultra-, micro-and macro-structure, linking growth, physiology and genetically-controlled formation of structure and statoacoustic functionality, and applications to identification of growth structures for analysis of age, growth and physiological condition. A total of 26 presentations encompassed the fundamental aspects of this theme. Popper et al. (2005) provided an overview of the structure and function of otoliths, particularly with respect to hearing and balance, and how these functions change with age and growth. They also highlighted the multidisciplinary nature of otolith research and the current lack of collaborative research and information exchange among disciplines to resolve similar questions. Multidisciplinary progress may assist in understanding the underlying principles of otolith formation. Panfili et al. (2005) examined otolith formation from the perspective of fluctuating asymmetry; their findings failed to support the assumption that this reflects developmental instability caused by environmental and/or genetic stress. Although we have come some way in understanding the factors responsible for otolith formation, further research is needed, particularly in discerning the mechanisms that control structure and function.
Age and growth estimation and validation
Historically, otoliths have mainly been used in studies of age and growth. The significance of this field continues today, as reflected by the 82 related presentations at the Symposium. This theme focussed on the application of age estimation and validation techniques, analysis and interpretation of age and growth data in determining life-history characteristics and the biological and ecological significance of these data for diagnosing the potential resilience of aquatic populations. Validation of daily and annual increments in calcified structures continues to be an active area of research, although the requirement to achieve validation for every species has recently been questioned. Andrews et al. (2005) and Williams et al. (2005) demonstrated the use of radiocarbon dating and marginal increment analysis techniques for validating the periodicity of increment formation for difficult-to-age, demersal, long-lived and tropical fish species respectively. Although many now agree that annual-growth increment deposition can often be safely assumed, validation is often necessary to demonstrate the correct interpretation of the increments by researchers. With the growing numbers of age-validated otolith reference collections, the reliance on age validation for quality-control purposes may decline.
Since the observation of daily increments in fish otoliths (Pannella 1971) , there has been a plethora of research that investigated the early life history of fish and the factors that influence their growth, mortality and recruitment. Baumann et al. (2005) , Uehara et al. (2005) and Wilhelm et al. (2005) further our understanding of these investigations with studies on the short-term decoupling of otolith and somatic growth, relationships between growth rate and stable-isotope composition and impacts of upwelling zones on recruitment, where the critical period of survival may be later than that at first feeding.
A notable difference between this and the two previous symposia is an increased emphasis on structures and species other than otoliths and teleosts. Consequently, this theme also presented an opportunity to highlight the potential advantages of otoliths over other structures such as scales and fin rays, and involved age estimation for elasmobranchs and invertebrates to provide insights and new methods to otolith-based ageing techniques. An example of this change in focus was given by Arkhipkin (2005) , who provided an overview of recent developments in the ageing of cephalopods, and the utility of statoliths as data loggers and ageing structures analogous to otoliths.
Age determination in deep sea and tropical environments
Another change in emphasis at the Symposium was reflected in the inclusion of a theme on age determination of organisms that inhabit deep-sea and tropical environments. The traditional view was that these environments lack the clear seasonal signals of temperate environments, thus preventing annual-growth increments from being deposited. However, the expansion of fisheries to deeper waters and increased expertise in tropical environments over the past decade has revealed that annual-growth increments are evident in calcified structures and can be used for ageing purposes. A total of 10 presentations discussed advances and difficulties associated with age determination for species from such environments compared to those that display more seasonality. Morales-Nin and , captured the essence of these presentations by refuting the dogma attached to supposed non-seasonal growth increments in otoliths from assumed aseasonal environments, and reviewed the recent increase in studies that demonstrate seasonal increment deposition in otoliths from deep-sea and tropical environments.
Chemical composition and applications to climate, ecology and population biology
Providing insight into the chemical composition of calcified structures and the resulting application of this information continues to be a major motivation for otolith-based research. There has been a significant increase in such research over the past five years (Campana 2005) , attracting 76 related presentations at the Symposium. The unique chronological and chemical properties of otoliths continue to attract the attention of scientists with diverse interests ranging from fisheries science to palaeobiology. This theme focussed on organic and inorganic composition of otoliths, isotope and trace element studies, developments in analytical instrumentation, chemical mass marking and uptake and applications to stock identification, migration, life history and environmental reconstruction at daily, annual, decadal and millennial time scales.
Understanding the processes that lead to chemical uptake in calcified structures will assist in interpreting results derived from more applied studies. observed age-related trends in otolith chemistry, revealing distinct differences between the core and subsequent annuli in hake (Merluccius merluccius). In contrast, Elsdon and Gillanders (2005) found no influence of ontogeny on Sr : Ca or Ba : Ca concentrations in black bream (Acanthopagrus butcheri), and noted that tracking fish movement relies on establishing links between otolith chemistry and environmental variables. They further found that ambient and otolith Sr : Ca concentrations were similar between field-collected and laboratory-reared fish, whereas ambient Ba : Ca was inversely related to salinity, suggesting that it may be possible to reconstruct salinity regimes from otoliths.
A common application of otolith chemistry is the reconstruction of movement patterns and related stock identification. Representative case studies of Daverat et al. (2005) , Tzeng et al. (2005) , McCulloch et al. (2005) , Dorval et al. (2005) and Hobbs et al. (2005) demonstrated the utility of otolith chemistry in tracking movements and/or habitat shifts throughout the life history of fish, which, in turn, can be used to infer stock structure and population connectivity (Fowler et al. 2005; Stransky et al. 2005) . Similarly, Gillanders and Joyce (2005) used otolith chemistry to differentiate aquaculture and wild-harvest yellowtail kingfish (Seriola lalandi), whereas Niva et al. (2005) examined the effectiveness of alizarin-red-stained otoliths as a cost-effective mass-marking tool. The basic premise of all these studies is that otoliths, or analogous calcified structures, are metabolically inert and that elemental uptake reflects the ambient environmental conditions in which fish reside (Campana and Neilson 1985; Fowler et al. 1995) . .
Statistics and modelling of age-based data
Innovative approaches to data analysis and advancements in modelling of age-based life-history data are areas of research that require greater emphasis. A total of 13 presentations were given on this theme, which focussed on mathematical approaches to understanding the processes that underlie otolith structure and function, spatial and temporal analyses of otolith structure and composition, mechanistic models at different levels of biological organisation that can be tested against physiological processes of otolith formation, growth and reproduction and ecological interactions, such as migration and competition. Sandin et al. (2005) used maximum-likelihood methods to explore elemental otolith signatures and dispersal trajectories of individual fish to enable detailed models of fish movement to be developed. Similarly, Cappo et al. (2005) developed a robust classification technique to discriminate fish residency in barramundi (Lates calcarifer), based on elemental ratios in scales. However, perhaps the greatest need from a pragmatic perspective for large-scale ageing operations is the need to develop alternative approaches to obtain cost-effective and representative age data for effective stock assessments. Francis et al. (2005) examined this need by developing a new, maximumlikelihood-based, length-mediated, mixture analysis using fish length, otolith weight and age data. Likewise, Troynikov and Robertson (2005) examined a new statistical approach for estimating age compositions using fish length and otolith weight data.
Stock assessment and fisheries management
The use of age-based data for stock assessment and fisheries management maintains the pragmatic requirement for otolith research. This theme focussed on the information that can be retrospectively derived from otoliths to help establish the status of a fishery resource and determine the level at which it may be exploited sustainably, including information that contributes to understanding the population dynamics, demography and life history of a species, as well as the implications associated with ageing uncertainty and the need for accurate estimates of age from representative samples of fished populations. A total of 21 presentations addressed many of these aspects. For example, Berg et al. (2005) explored the accuracy and precision in distinguishing two cod (Gadus morhua) stocks in the north-east Atlantic based on otolith growth and shape morphometrics. Similarly, Husebø et al. (2005) used otolith microstructure to discriminate spawning components of herring (Clupea harengus) and to estimate their relative contribution to overall year class strength.
Quality control in ageing facilities and data processing
A major shift in otolith research and the use of age-based data has been in the fundamental requirement to ensure quality control in ageing facilities and data processing. This shift represents a move from basic research to one of consolidation and acceptance of standardised applications and protocols. With guidelines for ageing fish becoming available for an increasing number of species, so too will the adoption of quality-control procedures for the improvement of stock assessment and fisheries management. A total of 18 presentations represented this shift, with this theme focussed on the development of a framework for the application of quality assurance and quality-control mechanisms to protocols for the determination of fish age, including the levels of precision and accuracy to be used as qualifiers in statistical terms and evaluation of individual methods of age determination to provide data for stock assessments. Morison et al. (2005) reviewed quality assurance and quality-control practices that are currently used in ageing facilities around the world. No clear consensus on desirable standards for quality issues such as staff training, use of reference sets or reading protocols were found, although this needs to be rectified. However, Kimura and Anderl (2005) provided an example of a large-scale ageing facility, which implements quality-control mechanisms. Coupled with quality-control practices is the desire to implement automated ageing protocols that remove the subjectivity associated with individual reader bias, while increasing accuracy and cost effectiveness. Palmer et al. (2005) introduced some of these issues and detailed a new method for two-dimensional feature extraction of otolith increments that provides robust numerical descriptors of growth structures.
Technological developments
Considering the progress in otolith research and the acceptance of standardised methods for application of age-based data, it is imperative that we continue to develop technologies that will assist in the extraction and interpretation of these data. This theme focused on the broad range of technological developments that have occurred in otolith-based research in recent years including image analysis techniques, publication media, micromilling instrumentation, elemental and isotopic analysis techniques, new computer software and protocols for age estimation. A total of 16 presentations demonstrated our current progress and future directions in these developments. A significant area of technological development involves the use of image analysis techniques. Parisi-Baradad et al. (2005) and Piera et al. (2005) demonstrated the use of image analysis and classification techniques to characterise otolith shape, which, in turn, can be used for a range of purposes including pattern recognition, ageing, and species and stock identification.
Conclusion
The Third International Symposium on Fish Otolith Research and Application provided an important forum where scientists from around the world established the current level of understanding in extracting and interpreting otolith-derived information. Knowledge gained from the Symposium should lead to the refinement or development of new technologies for accessing and interpreting this information. This may involve the development of new equipment or software, as well as the development of collaborative and multidisciplinary research aimed at resolving outstanding problems. Recent developments in otolith microstructure and chemistry, for example, have only been possible because of the advances in analytical technologies, an area of research that is continually evolving.
Outcomes from the Symposium, through improved technologies and approaches, will lead to the improved assessment and management of exploited and protected aquatic species. The papers that form this Special Issue detail some of these approaches and present current ideas in developing techniques, protocols and interpretations of otolith-derived data. Over the next five years, the true success of the Symposium will be judged through developing technologies, changing practices and increased collaborations in this field, at the next Symposium in California.
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